ABSTRACT
INTRODUCTION
Kinetic and spectroscopic data showed that the metal-ionbinding motif of hammerhead ribozymes (A9-G10. 1 (1, 2) . In addition, the model RNA oligomer GA10: r(GGACGAGUCC), which contains the A9-G10.1 motif (underlined residues), was shown to contain the characteristic features of the metal-ion-binding motif in hammerhead ribozymes, and this oligomer captures Mg 2+ and Cd 2+ ions (3).
Here we examined what kind of metal ions can be recognized by the motif, using this model RNA oligomer. In this paper, we employed NaC10 4 , CdCl 2 and Co(NH 3 ) 6 Cl 3 as cation sources for the reasons following. CdClj is a positive control which can bind to the motif, and also has the ability to make inner-sphere coordination to the N7 atom of the G7 residue (N7/G7) in the motif. In contrast, Co(NH 3 )6Cl 3 cannot make inner-sphere coordination since all the ligands of the cobalt for the Co(NH 3 ) 6 3+ ion are occupied by exchange-inert ammonia. Therefore, if inner-sphere coordination is indispensable for metal-ion-recognition, Co(NH 3 ) 6 3+ ion cannot bind to the motif. In the case of NaC10 4 , if the electrostatic interaction is the main binding force for metal-ion-recognition, Na + ion can also bind to the motif. In order to test these hypotheses, we measured 2D 'H-'H NOESY spectra in the presence of metal ions, such as The first two authors contributed equally to this work.
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2+
, Na + and Co(NH 3 ) 6 3+ ions, as well as in the absence of these ions.
MATERIALS AND METHODS
The model RNA oligomer GA10, r(GGACGAGUCC), was synthesized using the phosphoramidite method on an automated DNA/RNA synthesizer (model 394; PE Biosystems). All reagents for RNA synthesis were purchased from Glen Research and ChemGenes. The deprotected oligomer was desalted with a Gel filtration column (BioGel P-2; Bio-Rad). Then the oligomer was adsorbed on an anionexchange column (Uno Q-12; Bio-Rad) under the denaturing condition (8M urea for A-solution), and eluted with a linear gradient of NaCl using the B-solution containing 2M NaCl and 7M urea. Then the fraction of the last and highest peak was collected as a full-length oligomer. To remove urea, the oligomer was adsorbed on the same anion-exchange column after dilution, and eluted with a stepwise gradient using 2M NaCl. The following desalting and quantification were performed as described before (3) . By this modified procedure, the final yield was 1.5-2.0 times higher than that of the previous procedure using a reversed phase column (3). The conditions for NMR measurements are described in the legend to Figure 1 .
RESULTS AND DISCUSSION
In order to study interaction between metal ions and RNA molecules, the assignment of proton resonances are indispensable, and we measured 2D 'H-'H NOESY spectra with or without metal ions as well as one-dimensional (ID) 'H-NMR spectra to trace the proton resonances (data not shown). In all the conditions that we measured, sequential NOE walks were traceable and all the base protons (H8 and H6) and anomeric protons (HI') were unambiguously assigned (Figure 1 ). The assignments were fully consistent with the trace of ID 'H-NMR spectra. In addition, GA10 seemed to form a self-associated duplex throughout the experiment, since characteristic NOEs for a duplex (such as .0 mM GA10. Typical 2D 'H-'H NOESY spectra were recorded at 313K on Bruker DMX800 with 4096*1024 complex points for a spectral width of 6666.67*6666.67 Hz. The mixing time for the NOESY spectrum was 300 ms and 32 scans were averaged. A strong inter-strand NOE between the H2 proton of the A6 residue (H2/A6) and the HI' proton of the A6 residue (H17A6) on another strand, and that between H2/A6 and the HI' proton of the G7 residue (H17G7) are indicated by arrows and asterisk, respectively in each spectrum. In (B), the resonance of H17G7 was assigned tentatively, and its chemical shift should be either 3.98 or 4.04 ppm.
strong inter-strand NOE between H2 proton of A6 residue and HI' proton of A6 residue on another strand) were observed for the central G-A mismatch in all spectra. We have not obtained any evidence for the formation of minor conformers in all the titrations with metal ions. Although we changed the purification procedure from that of the previous paper, spectral patterns of ID 'H-NMR spectra and 2D NOESY spectra for the present samples with basal NaClO 4 were essentially the same as those of the corresponding sample of our previous paper. This indicates that the RNA oligomer was purified properly with a higher yield. In Figure 1 , CdCl 2 affected proton resonances in the metal-ion-binding motif such as H8/G7. However, excess amounts of NaC10 4 (200 mM) had little effect on any of the proton resonances. Therefore, Cd 2+ ion seemed to bind to GA10 in a site-specific manner, and there should be a stronger binding force between Cd 2+ ion and the metal-ionbinding motif than a simple electrostatic interaction. In the case of Co(NH 3 ) 6 Cl 3 , although a lower-field shift of H8/G7 was observed, the other proton resonances which were apart from the metal-ion-binding motif were also perturbed. Therefore, at present, whether Co(NH 3 ) 6 3+ ion binds to GA10 site-specifically or not remains unclear.
In conclusion, we established a new procedure for RNA-purification with increased yield, and then assigned all the base and anomeric proton resonances unambiguously.
